The rates of degradation of the steroid anaesthetic alphaxalone (3ot-OH-5apregnane-11,20 dione) have been studied in vitro using isolated hepatocyte and microsome preparations. Evidence is presented that alphaxalone is metabolized rapidly by the hepatic mixed function oxygenase system. Induction of cytochrome P 430 in vivo leads to an increase in the maximum rate of degradation of alphaxalone in both in vitro systems. Induction of cytochrome P 450 caused a decrease in the duration of the anaesthetic affect in vivo of a limiting dose of Althesin (alphaxalone/alphadolone acetate). It is concluded that, under certain conditions, the duration of the anaesthetic effect of alphaxalone is determined by the rate of metabolism of this compound by the mixed function oxygenase system of the liver.
Alphaxalone (3a-OH-5otpregnane-l 1,20 dione) is the major active component of the steroid anaesthetic Althesin. The major site of degradation and inactivation of alphaxalone in the rat is not well documented, although circumstantial evidence indicates a significant role for the liver in this process (Child et al., 1972; Novelli, Marsili and Lorenzi, 1975) .
Several in vitro systems are available for the study of the hepatic metabolism of xenobiotic and endogenous compounds. One of these is isolated hepatocytes in suspension (Billings et al., 1977 (Billings et al., , 1978 Moldeus et al., 1977; Fry et al., 1978; Lowery, Wolff and Bidlack, 1978) . The rapid degradation of alphaxalone by isolated rat hepatocytes has been described previously (Sear and McGivan, 1980) . Hepatic catabolism of steroid molecules is mediated within the liver cell by the microsomal mixed function oxygenase system (Tabei and Heinrichs, 1976; Skett et al., 1979) . The terminal oxidase of this system is the haemoprotein cytochrome P 450 -Induction of cytochrome P 4J0 may occur as a result of the chronic intake of a number of drugs, in particular phenobarbitone, and will lead to an increase in the rate of degradation of steroids by this system. It is important to determine if alphaxalone is also degraded by this mixed function oxygenase system and, if so, whether induction of this system alters the rate of alphaxalone metabolism. The factors limiting the duration of Althesin-induced sleep in the rat are not well understood. The rate of metabolism of alphaxalone has been investigated in isolated hepatocytes and microsomes prepared from the livers of control rats and phenobarbitoneinduced rats. We have also tried to correlate the duration of anaesthesia caused by Althesin with the functional capacity of this microsomal enzyme system.
MATERIALS AND METHODS

Preparation of microsomes and hepatocytes
Female Wistar albino rats, weight 200-250 g, were decapitated and the livers homogenized at 4°C in a medium containing mannitol 0.3 mol litre"
1 , Tris/HCl 20 mmol litre"" 1 ethyleneglycol-bis-(p"-amino ethyl ether) N,N'-tetra acetic acid (EGTA) 1 mmol litre" ', pH 7.4. The homogenate was centrifuged at 2500 x^ for 7 min and the pellet was discarded. The mitochondrial fraction was sedimented by centrifugation at 10 000x£ for 10 min and then the microsomes were harvested by centrifugation of the supernatant at 40 000 x^ for 30 min. All procedures were carried out at 4 °C. The microsomal pellet was resuspended in the same medium and stored on ice. Hepatocytes were isolated from male Wistar albino rats according to the method of Berry and Friend (1969) as modified by Krebs and others (1974) . The cells were incubated in Krebs-Henseleit physiological saline (Krebs and Henseleit, 1932) , in which the bicarbonate was replaced by Na + -morpholinopropane-sulphonate 25 mmol litre" ', and containing 2% w/v dialysed bovine albumin (Fraction V) at pH 7.4 and 37 °C. The use of this medium was convenient since it was not necessary to control the gas phase constantly. However, similar results were obtained in preliminary experiments using unmodified KrebsHenseleit bicarbonate buffer.
Induction of microsomal enzymes
Female Wistar rats were used throughout. For the induction of the microsomal mixed function oxidase system, drinking water was replaced with an aqueous solution of phenobarbitone 0.1 % w/v ad libitum for 7 days before the experiments. This led to a variable amount of induction as the intake of water per animal was not constant.
Incubations
Aliquots of hepatocytes or microsomes were incubated at 37 °C and pH 7.4 in the appropriate medium. The reaction was started by the addition of various concentrations of alphaxalone dissolved in methanol as described previously (Sear and McGivan, 1980) . Samples were taken at selected time intervals and deproteinized by the addition of perchloric acid (3.5% w/v final concentration). Denatured protein was removed by centrifugation at 10 000 xg for 30 s. The supernatant was stored at -20 °C until assayed.
Assays
Alphaxalone was assayed by gas-liquid chromatography following formation of the trimethylsilyl ether (Sear and Prys-Roberts, 1979) . Recovery of alphaxalone following extraction with redistilled diethyl ether of acid extracts of microsomes or hepatocytes was 91 +5%. Determination of the metabolic products of alphaxalone was not possible using this system. The cytochrome P 450 content of microsomes, hepatocytes and liver homogenates was determined on fresh preparations by measuring the absorbance change at 450-490 nm when a dithionite-reduced suspension in phosphate buffer 0.5 mol litre" 'pH7.2 was bubbled with carbon monoxide (Omura and Sato, 1964) . The millimolar extinction coefficient was taken as 91 cm " '. Protein was determined by a biuret method (Gornall, Bardawill and David, 1949) using bovine serum albumin as standard.
Determination of duration of sleep following administration of Althesin
Althesin (33 mg per kg total steroid) was administered by i.p. injection to female Wistar albino rats, and the duration of Althesin-induced sleep taken as the time between the loss and regaining of the righting reflex. Experiments were carried out at similar times each day, and all the rats remained in their normal environment and on normal diet throughout the experiment.
Materials
Alphaxalone (3a-OH-5apregnane-l 1,20 dione) was kindly donated by Glaxo Research Ltd, Greenford, Middlesex. Enzymes and nucleotides were purchased from C. F. Boehringer und Soehne, Mannheim, West Germany. For experiments where the duration of anaesthesia was measured, the proprietary preparation Althesin (alphaxalone: alphadolone acetate; Glaxo Ltd) was used. Figure 1 shows the difference spectrum observed when alphaxalone is added to a rat liver microsomal suspension. Freshly prepared rat liver microsomes were diluted with sodium phosphate 0.5 mol litre" 1 , pH 7.2 and 20 °C, and the difference spectra recorded using a split beam spectrophotometer. Alphaxalone 30 umol litre" ' and 60 umol litre" ' in methanol were added to the sample cuvette, and methanol to the reference side. The spectrum, which results from interaction of alphaxalone with cytochrome P 450 J is of type I.
EXPERIMENTS AND RESULTS
Microsomal metabolism of alphaxalone
The metabolism of compounds via the mixed function oxidase system requires molecular oxygen and the addition of reduced nicotinamide nucleotides. Table I shows that both NADH and NADPH are required for the maximal rate of degradation of alphaxalone in microsomal suspension. Under the optimal conditions described in table I, the disappearance of alphaxalone from the suspension follows apparent 1st order kinetics alphaxalone in the experiment shown was 1.44 nmol min"' per mg microsomal protein. Figure 3 shows the relationship between the initial rate of alphaxalone degradation and the substrate concentration in representative experiments using liver microsomal suspensions prepared from control rats and rats in which enzymes had been induced by the administration of phenobarbitone. The initial rates were determined by measuring alphaxalone concentrations at intervals of 2 min over the first 10 min of incubation, and assuming first order kinetics (as in figure 2) . The results are shown as an Eadie-Hofstee plot in which the ratio of the rate of disappearance of alphaxalone/alphaxalone concentration is plotted against the rate of disappearance of alphaxalone. The intercept on the y axis gives the maximal rate of disappearance or degradation of alphaxalone (FjJ, and the slope of the apparent K m . The graphical representation is based on the Michaelis-Menton equation for enzyme kinetics.
Following induction of the cytochrome P 4J0 system with phenobarbitone, V mMX increased from 1.41 to 2.28 nmol of alphaxalone per min per mg microsomal protein. The alphaxalone concentration at which 50% of the maximal rate of disappearance occurred (apparent KJ was unchanged following induction with phenobarbitone. In the experiment shown, the cytochrome P 4J0 content was 0.43 nmol per mg microsomal protein in the control microsomesj and 0.9 nmol per mg microsomal protein for the phenobarbitone-induced microsomes. Figure 4 shows the results from several such experiments. Induction of P 4J0 led to a significant increase in V mMX of alphaxalone degradation, the actual rate obtained being a function of the cytochrome P 450 content of the microsomes in the range 0.37-2.36 nmol P 450 per mg microsomal protein.
Alphaxalone metabolism in hepatocytes
It is of interest to determine whether the influence of the microsomal cytochrome P 450 content on the rate of alphaxalone metabolism is also observed in the intact cell. Thus, the metabolism of alphaxalone in isolated hepatocytes was studied, using drug concentrations smaller than those toxic to hepatocytes (Sear and McGivan, 1979) . If the microsomal metabolism of alphaxalone is the rate-limiting step in its degredation in isolated cells, then an increase in the rate of metabolism may be expected in cells isolated from phenobarbitone-induced rats. The results of a typical experiment conducted under the optimal conditions previously described (Sear and McGivan, 1980) are shown in figure 5 . The initial rates of alphaxalone disappearance were measured following the addition of various concentrations of alphaxalone to suspensions of isolated hepatocytes from control rats and from rats induced with phenobarbitone. Figure 5 shows the results from two hepatocyte preparations. There is an increase in F^,,, but the concentration of alphaxalone at the half maximal rate of degradation (apparent KJ was unchanged at approximately 25 umol litre"' in each case. From the results of several experiments, V mtt of alphaxalone degradation in hepatocytes isolated from control rats was alphaxalone 1.45 ±0.26 (SEM) nmol min ~ ' per mg cell protein for a cytochrome P 4J0 content of 0.22 ±0.01 (SEM) nmol per mg cell protein (« = 6 preparations). Following induction of the mixed function oxygenase system by the administration of phenobarbitone, the cytochrome P 45 o content increased to 0.40 ±0.1 (SEM) nmol per mg cell protein, and V mMX similarly increased, to 3.12 ±0.35 
FIG. 5. Alpbaxalone metabolism in isolated hepatocytes from control rats and rats induced with phcnobarbitone. The results from two representative experiments are shown as a graph of rate of disappearance of alphaxalone (V) against the substrate concentration (5). Control hepatocytes (•); induced hepatocytes (A).
(SEM) nmol min ' per mg cell protein (« = 4 preparations) (P<0.01).
Relation of liver metabolism of alphaxalone to the duration of its anaesthetic effects
The results so far are consistent with the hypothesis that the rapid metabolism of alphaxalone by the liver may limit the period for which the drug exerts its anaesthetic effect. Figure 6 shows the results of an experiment designed to examine the effect of inducing the mixed funaion oxygenase system and the duration of the anaesthetic effect of Althesin in vivo. Daily injections of Althesin (33 mg per kg total steroid) were administered i.p. to two groups of animals. The first group (n = 8) had previously received phenobarbitone for 7 days; the second group (n = 8) acted as control. The duration of anaesthesia was shorter in the induced rats compared with the controls. There was no significant difference between the duration of anaesthesia caused by the first and subsequent injections, indicating that Althesin does not induce its own metabolism. From experiments on 14 control rats and 14 rats induced with phenobarbitone, the mean times from loss to regaining the righting reflex were 68.7 ±2.0 min (SEM) (n = 123 administrations) and 46.3 ±1.9 min (SEM) (n=113 administrations) respectively (P<0.001).
In an experiment similar to that shown in figure  6 , a selection of induced and non-induced rats was sacrificed after 5 or 6 daily injections of Althesin and a hepatic microsomal cytochrome P 4J0 content determined. Figure 7 shows the mean sleep time as a fraction of the microsomal cytochrome P 4J0 concentration in 10 rats. The data were best described by a rectangular hyperbola. At low cytochrome P 4J0 contents (0.37-1.0 nmol per mg microsomal protein), the sleep time was determined by the rate of degradation of alphaxalone in the liver, which in turn was limited by the cytochrome P 450 content. At greater P 450 concentrations, little further effect on the sleep time was observed and, under these conditions, the P 450 system no longer limited the duration of anaesthesia. 
DISCUSSION
The evidence that alphaxalone is rapidly metabolized by the liver in vivo is based on the experiments of Ischia, Monasta and Luzzani (1974) . In these studies, direct administration of 10 times the normal anaesthetic induction dose of Althesin into a cannulated hepatic portal vein of the rabbit failed to cause sleep. This indicated that a high percentage of the injected drug was removed by first pass clearance through the liver. In the present study, it has been shown that alphaxalone is metabolized by the liver microsomal mixed function oxygenase system involving cytochrome P 450 -The interaction of alphaxalone and the cytochrome P 450 to produce a type I spectrum is similar to that obtained with other compounds such as hexobarbitone, androstenedione and androstanedione (Estabrook et al., 1975) . Other confirmatory evidence for the metabolism of alphaxalone by the microsomes are the requirement for reduced nicotinamide nucleotides, and an increase in the rate of degradation as a result of induction of the hepatic cytochrome P 4J0 content (Conney, 1967) . The maximum rate of metabolism in normal control microsomes (1.45+0.18 nmol min" ' per mg microsomal protein) is comparable to the rates determined for a number of other xenobiotic compounds also metabolized by the system (Billings et al., 1978; Shirkey, Chakraborty and Bridges, 1979; Walker, Chipman and Kurukay, 1979) . The rate is similar to that found by Livingstone and Waterman (1978) for the in vitro microsomal metabolism of ketamine, another i.v. anaesthetic agent.
Induction of the microsomal mixed function oxygenase system by pretreatment of the rats with phenobarbitone led to an increase in the maximum rate of disappearance of alphaxalone measured in both isolated microsomes and hepatocytes. There was a relationship between the increases in V mtx of metabolism and the cytochrome P 450 content in both systems. The actual rates of degradation obtained in control hepatocytes are not strictly comparable with those in control microsomes since the livers of male and female rats are found to contain differing amounts of cytochrome P 450 (Schenkman et al., 1967) ; in the present experiments the microsomes were prepared from female rats and the hepatocytes from males. The concentration of alphaxalone at which half the maximal rate of degradation occurred was not affected by induction of cytochrome P 45 o-Further, this value was similar in both microsomes and hepatocytes, suggesting that accumulation of alphaxalone may not occur in the liver cell. The results of these in vitro experiments indicate that the rate-limiting step for alphaxalone degradation in microsomes and isolated hepatocytes is at the level of the mixed function oxidase system.
Biochemical factors controlling the duration of anaesthesia following injection of Althesin (alphaxalone plus alphadolone acetate) in either man or experimental animals are not well defined. Data from in vivo experiments are consistent with the hypothesis that the duration of anaesthesia induced by Althesin depends on the rate of metabolism of alphaxalone by the mixed function oxygenase system of the liver. This is in contrast to anaesthesia produced by thiopentone. Recovery from thiopentone anaesthesia is highly dependent on a redistribution of drug within the body rather than rapid degradation by the liver (Brodie et al., 1950) . It is interesting to note a lack of any self induction of alphaxalone metabolism by repeated administration of the drug. Self induction of metabolism has been observed during the repeated use of a number of other anaesthetic agents including ketamine, methoxyflurane and halothane (Van Dyke, 1966; Livingston and Waterman, 1977) .
It is not known whether these observations on the rat can be extrapolated to man. However, if the cytochrome P 4J0 content of the liver is also the rate-limiting factor in man, it may be expected that the rate of alphaxalone metabolism would be decreased in conditions where the cytochrome P 450 content of the liver is reduced, such as cirrhosis and severe hepatitis (Kato, 1977) . Similarly, in conditions where there is induction of the microsomal mixed function oxygenase system (such as chronic ingestion of ethanol, phenobarbitone or phenytoin), the rate of degradation may be expected to increase. There is as yet no evidence either to support or to refute this theory.
That the rate of drug metabolism may be affected by the hepatic cytochrome P 450 status of an animal is not unexpected. However, the demonstration that similar considerations affect the metabolism of steroid anaesthetic agents may prove to be of clinical importance. OXIGENASA. Los regimenes de degradacion de la alfaxalona (3a-OH5a pregnano-11,20 diona), que es un esteroide anestesico, se nan estudiado in vitro usando preparadones aisladas de hepatocita y de micTOSoma. Se presenta evidencia de que la alfaxalona queda rapidamenta metabolizada por el sistema de la funcion hepatica mixta de la oxigenasa. La induccion in vivo de citocromo P 450 conduce a un incremento del regimen maximo de degradacion de la alfaxalona en ambos sistemas in vitro. La induccion de citocromo P 43O ocasiond una disminucion en la duracion del efecto anestesico in vivo de una dosis limitadora de altesin (alfaxalona y acetato de alfadolona). Se concluye que, bajo ciertas condiciones, la duracion del efecto anestesico de la alfaxalona viene determinado por el regimen de metabolismo de este compuesto por pane del sistema de la funcion oxigenasa del higado.
